Abstract. The documented acceleration of NH 3 and NO x (NO ϩ NO 2 ) emissions over the last 150 years has accelerated N deposition, compromising air and water quality and altering the functioning of terrestrial and aquatic ecosystems worldwide. To construct continental-scale N budgets, we produced maps of N deposition fluxes from site-network observations for the United States and Western Europe. Increases in the rates of N cycling for these two regions of the world are large, and they have undergone profound modification of biospheric-atmospheric N exchanges, and ecosystem function. The maps are necessarily restricted to the network measured quantities and consist of statistically interpolated fields of aqueous NO 3 Ϫ and NH 4 ϩ , gaseous HNO 3 and NO 2 (in Europe), and particulate NO 3 Ϫ and NH 4
INTRODUCTION
Increases in human population, fossil-fuel consumption, deforestation, and intensification of agriculture have altered the global nitrogen cycle, leading to an acceleration of emission and deposition of nitrogenous trace gases over the last century and a half (Mayewski et al. 1990 , Galloway et al. 1995 , Smil 1997 , Holland et al. 1999 ). More than 50% of annual global reactive N emissions are generated directly or indirectly by human activities ). This perturbation to the global N cycle is proportionally larger than the anthropogenic perturbation to the global carbon cycle (Schimel 1995) . For short-lived gases like NO x (NO ϩ NO 2 ) and NH 3, with tropospheric lifetimes of 1-5 days Crutzen 1994, Prather et al. 2001) , increases in emissions lead to increased atmospheric concentrations and to deposition downwind of source regions, which decrease with distance from the source, until the gases and their reaction products are removed by precipitation or dry deposition to Earth's surface.
There is no global network of N-deposition measurements, and large terrestrial areas are unsampled, though global chemical model results and a limited number of network observations over land are available (Whelpdale and Kaiser 1997) . Measurements of N deposition onto oceans are rare, with only a few longterm measurement stations (e.g., Bermuda, Kaiser 1997, Whelpdale et al. 1997) . Despite these observational limitations, the extant information clearly shows that increases in deposition have been greatest in developed regions of the Northern Hemisphere. Although substantial NO x and SO 2 emission increases in Asia and in the Tropics are projected due to expansion of industrialization, human population, and agriculture in developing countries , Matthews 1994 , Whelpdale and Kaiser 1997 , we focus on deposition in two regions of the Northern Hemisphere (the continental United States and Western Europe), which have received chronic and increasing loads of N input since the Industrial Revolution (Mayewski et al. 1990 , Holland et al. 1999 .
The consequences of increased nitrogen deposition are profound and influence many aspects of the earth system, from human health to the sustainability of agriculture. The many adverse effects of N deposition and acidic precipitation on specific ecosystems are well documented for both American and European sites (Water, Soil and Air Pollution 85 [1995] ; Global Biogeochemical Cycles 11 [1997] ; Atmospheric Environment 34 [2000] , 35 [2001] , and 36 [2002] [all three are National Atmospheric Deposition special issues]; also see Church and Driscoll 1997 , Grennfelt and Galloway 1997 , Schulze 2000 . Nitric acid, measured as aqueous NO 3 Ϫ in wet-deposition measurements, is one of three acids comprising acid rain (the others are sulfuric and carbonic acid). Acid deposition, via the introduction of anions and H ϩ , is associated with reductions in lake and soil pH, and results in losses of soil nutrients and mobilization of potentially toxic cations (e.g., Al 3ϩ ) (Schindler 1988 , Hedin et al. 1994 , Hedin and Likens 1996 . Furthermore, high concentrations of tropospheric NO x act as a principal catalytic precursor to tropospheric ozone (Liu et al. 1980 , 1987 , Albritton et al. 1994 , Logan 1994 , which is a strong oxidant and is known to damage living tissues and decrease plant production Aber 2002) . At the community scale, plant species shifts can be induced by N additions, leading to species-distribution change that often favor weeds over native plants, which in turn can reduce species diversity and change ecosystem function (Aerts et al. 1990 , Berendse et al. 1992 , Bobbink et al. 1992 , Sutton et al. 1993 , Chapin et al. 1997 , Hooper and Vitousek 1997 .
The impacts of N deposition on global carbon cycling are uncertain, but it is likely that some terrestrial ecosystems have been fertilized by the additional N, and may currently be sequestering between 0.1-1.5 Pg C per year globally (Peterson and Melillo 1985 , Townsend et al. 1996 , Wedin and Tilman 1996 , Holland et al. 1997 , Jenkinson et al. 1999 , Nadelhoffer et al. 1999a , b, Sievering 1999 . For heavily impacted systems, however, sustained C sinks are unlikely (Schulze et al. 1989 ). uptake by ecosystems will eventually be compromised by soil acidification and O 3 pollution, and the other deleterious effects associated with N deposition.
Anthropogenic inputs of N have similar implications for the world's hydrologic systems. Large amounts of N introduced into coastal oceans and estuaries have resulted in widespread eutrophication and declining productivity of coastal marine fisheries . Riverine inputs into the North Atlantic basin from Europe have increased by a factor of 3.5-10.6 relative to preindustrial inputs during the middle of the 1800s. Similarly, N fluxes into North American rivers have increased by a factor of 1.7-5.3, . The potential for groundwater contamination is also high.
Developing mass-balance budgets of the important N species, which include surface exchange and atmospheric transport, is critical for a comprehensive understanding. Comparing estimates of N emissions to N deposition, where sufficient deposition data are available, provides an important check on estimates of emissions. Indeed, the fact that N can be emitted in one country and deposited in another is the cornerstone of the Transboundary Air Pollution agreement of the European Community and the Clean Air Act of the United States . However, it is only recently that we have sufficient measurements to evaluate the implications of increasing N emissions at continental and global scales .
Evaluation of the patterns of N deposition on regional scales requires estimation of spatially continuous fields from scattered point data. The associated estimates of uncertainty and some confidence that the extrapolation/interpolation procedure is statistically robust are also important. There has been a great deal of work in the development of techniques to apply to this area (Haas 1990 , van Leeuwen et al. 1996 , Lynch et al. 2000 . Our work builds on the previous mapping work, and offers new perspectives: (1) the U.S. and European data are treated in as consistent a manner as possible for comparison, (2) it covers a longer time span than previous efforts (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) , and (3) we construct N budgets by comparing estimated emissions and deposition, pointing out gaps in the measurements and our understanding. Our analysis is restricted to the measurements and sites participating in the U.S. and Western European networks. Various species of inorganic-N deposition, organic-N deposition (Neff et al. 2002) and NH 3 exchange (Atmospheric Environment 35 [2001] ) have been measured, but these measurements are not inter-calibrated or inter-compared, nor are they compiled at a central location. Compilation of these hundreds and thousands of measurements is beyond the scope of this paper and of resources available for the analysis. We hope that the framework we present lays out sufficient justification for such a compilation with full participation of the scientific community led by an international scientific organization, i.e., World Meteorological Organization (WMO), United Nations Environmental Programme (UNEP), and/or Scientific Council on Problems of the Environment (SCOPE). The data used in this analysis, including standardization, quality control, and spatial maps, are archived and publicly available online.
DATA AND METHODS
We compiled observations from monitoring networks in the United States and Europe, in order to construct 0.5 ϫ 0.5 degree resolution maps of N deposition by species (Table 1 ). In the United States, wetdeposition data were provided by the National Atmospheric Deposition Program/National Trends Network (NADP/NTN, 1996 , Lamb and Bowersox 2000 . Measurements of ambient air concentrations, used to calculate dry-deposition fluxes, were provided by the National Dry Deposition Network (NDDN) and the Clean Air Status and Trends Network (CASTNet) ( Fig.  1 ; Edgerton et al. 1992 
Wet-deposition measurements
At the NADP/NTN sites within the United States, precipitation is accumulated in buckets that are triggered to open at the onset of rain. Samples from precipitation buckets are gathered weekly at sites throughout the United States ( Fig. 1) . Quality control is also checked by evaluation of the charge balance of the samples. In Europe, the method of sampling varied from location to location, country to country, and, in general, differed from the method used in the United States. In Europe, samples of precipitation were collected daily using either the precipitation-only samplers (described above) or bulk sampling devices that are continually open to the atmosphere, and are thus more subject to contamination (Erisman et al. 1994 , van Leeuwen et al. 1995 , Hjellbrekke et al. 1997 . Chemical sampling and analyses were usually done on a country-by-country basis and inter-laboratory tests were conducted annually (Dovland and Pedersen 1997) . Some of the sites collected data monthly rather than daily (Lazaropole, former-Yugoslovia; Neuglobsow, Germany; Jarczew, Poland; Rarau, Seminic, Paring, Fundata, Turia, and Masun, Romania; and Ivan Sedlo, Bosnia-Herzogovina). These data were the only available observations for large areas and so we included them in our analysis despite the potential problems associated with monthly sampling. The European data were published as ''Data report 1995'' (Hjellbrekke et al. 1997) .
The wet-deposition data were averaged annually for each measurement site. For the United States, annual means were acquired directly from the NADP/NTN. For the European EMEP data sets, we followed the same quality-assurance plan used by NADP to ensure comparability. The quality-assurance criteria required in order to include a site for a year are the following: (1) There must be valid samples for at least 75% of the summary period. (2) For at least 90% of each month, there must be precipitation data either from the rain gauge or from the sample volume. (3) There must be valid samples for at least 75% of the total precipitation reported for the summary period. (4) For the entire summary period the total precipitation as measured for the sample volume must be at least 75% of the total precipitation measured by the rain gauge for all valid samples where both values are available. Criterion 4 does not pertain to the EMEP data set, because data from a separate rain collector were not reported. In the United States, the number of sites that met the completeness criteria varied between 21 and 203 with a mean of 156 sites over the time period. The number of sites was smallest as the network was starting in the late 1970s, and largest between 1985 and 1994, when the number of sites rose to ϳ200. Across Europe, data from 113 out of 188 sites satisfied the completeness criteria. There were 18 sites at the beginning of the monitoring period, growing to 50-75 participating sites during 1986-1994, with a mean of 50 sites in any given year.
For both the United States and Europe, wet deposition was calculated as follows:
where C w is the precipitation-weighted mean concentration in units of milligrams per liter, calculated from the n valid samples for the season. (Each individual valid sample concentration C i is weighted by the individual precipitation amount P i for the sample. This calculation makes the assumption that the chemistry of the invalid samples is represented by the chemistry of the valid samples for that summary period:
where F wet is the wet-deposition flux (in nanomoles per liter), and P t , (in millimeters of H 2 O) is the total precipitation over the averaging time period (i.e., (mmoles ϫ molecular weight/L ϫ mm precipitation)/100 ϭ kg/ ha).
Dry-deposition measurements
For both regions, dry-deposition fluxes were calculated by multiplying the mapped ambient air concentration of the chemical species by a calculated mapped deposition velocity. In the United States, atmospheric concentrations of trace species were measured by pumping ambient air through a filter pack containing three filters: a Teflon filter for dry deposition of aerosols (particulate NO 3 Ϫ and NH 4 ϩ ), a nylon filter for collection of gaseous HNO 3 , and dual potassium carbonateimpregnated cellulose filters for collection of SO 2 (Edgerton et al. 1992 ). The filter packs were changed weekly, and filter extracts were analyzed in a central laboratory within 72 h of filter extraction. Similarly, in Europe the atmospheric concentrations of trace species were made by pumping ambient air through a filter pack (Hjellbrekke et al. 1997) . However, the filters and flow rates varied from country to country. For example, in Italy, particulate ammonium was sampled using a Teflon filter (Gelman Zeflour, with a 1 micron pore size) with a flow rate of 17·m 3 ·d Ϫ1 . In Hungary, particulate ammonium was sampled using a Teflon filter (Kipzer Paraplan) with a flow rate of 25·m 3 ·d Ϫ1 . There were similar contrasts for gas sampling. For example, in Italy NO 2 concentrations were measured by a chemi-luminescence technique, while in Hungary NO 2 was measured using a Triethanolamine solution with a 0.5 m 3 / d flow rate. The measurement techniques are summarized in the EMEP data report (Hjellbrekke et al. 1997: 43-46 [Tables 1.1-1.3] ). In addition, there was yearto-year variation in the measurement techniques. Hicks et al. (1991) compare various approaches and review the associated problems.
Neither the European nor the U.S. dry-deposition measurements spanned the whole 1978-1994 time period. In the United States, some sites began measurements in 1989 with additional sites added in 1990 for , and 50 sites sampled gaseous NO 2 . For both the United States and Europe we used the available data to calculate monthly average concentrations, averaging over the time span of available measurements and taking into account the differences in sampling frequency.
We calculated the deposition velocity in a way that was consistent for both the United States and Europe, estimating surface exchanges of chemical species based on the resistance approach developed by Weseley (1989) . The dry-deposition flux, F dry (molecules per square meter per second) was calculated as the product of deposition velocity, V d , (meters per second) and concentration, C n (molecules per meter cubed),
and the deposition velocity was assumed to be inversely proportional to the sum of three resistances,
where r a is the aerodynamic resistance, r b the resistance of the laminar sub-layer between the surface and the turbulent boundary layer, which depends on the diffusivity of the species, and r c the bulk surface resistance that depends on land surface characteristics and on the solubility and reactivity of the chemical species. In general, r b is small, and r a and r c depend on a variety of parameters, which in turn depend on both the land cover and the chemical species considered. For particulate fluxes, we assumed that the relevant particles had a diameter between 0.1 and 1 m , and applied the u* parameterizations suggested by Weseley et al. (1985) and Erisman and Draaijers (1995) . The V d calculation requires maps of meteorological variables and land cover. Site-specific meteorological data were not available for many of the European sites. Therefore we used model results from the NCAR/ NCEP reanalyses (Kalnay et al. 1996) to provide a regionally consistent and spatially explicit data set containing the meteorological information necessary to compute deposition velocities: pressure, temperature, wind, and precipitation.
To assign land cover classes, we used the 8-km resolution land cover map of Defries and Townsend (1995) , spatially re-aggregated to 0.5 ϫ 0.5 degrees, in order to assign land-cover classes. Implementation of the resistance model (which has its own land surface types) was accomplished by matching the Weseley (1998 Weseley ( , 1989 land-cover classes to the DeFries and Townsend (1995) classes (Table 2) . To match the relatively high resolution of the land-cover data, the meteorological data were also interpolated from their original resolution (T42 or ϳ2.8Њ (''T42'' ϭ an equally spaced grid overlaid on the earth's surface consisting of 128 cells of longitude and 64 cells of latitude; spacing is ϳ2.8Њ longitude ϫ 2.8Њ latitude)) to 0.5 ϫ 0.5Њ resolution. All V d output was mapped at 0.5 ϫ 0.5Њ resolution globally. Finally, dry-deposition fluxes were mapped by statistically interpolating the ambient concentrations of each chemical species and then multiplying the interpolated concentrations by the calculated deposition velocities for each 0.5Њ grid cell.
Critical evaluation of the initial V d maps for the United States and Europe uncovered a problem introduced by the mismatch in spatial resolution of the land cover map (8 ϫ 8 km) and the meteorological data (2.5 ϫ NITROGEN DEPOSITION ONTO USA AND EUROPE 2.5Њ). The high wind speed modeled over the oceans introduced spuriously high deposition velocities for some of the coastal grid cells because the meteorological data were produced on a much larger grid than the land-cover data. The actual V d calculations were done in an intermediate grid size (0.5 ϫ 0.5Њ) to try to reduce the problems associated with the spatial mismatch, but did not solve the problem entirely. The deposition velocities calculated on land with the high ocean wind speeds were excluded from our calculations by generating a cell-masking routine. The average deposition velocity of surrounding grid cells with the same vegetation type was re-substituted to complete the maps of V d . The problem underscores the difficulty and importance of careful spatial analysis.
Deposition of aerosols on forests differs from deposition onto low-stature vegetation (Jonas and Heinemann 1995, Weseley and Hicks 1999) . A physically based parameterization distinguishing the two classes would be ideal but is problematic for a one-dimensional model because of sub-grid-scale horizontal heterogeneity. Therefore we relied on the empirical derivation of Weseley (1989) to calculate the deposition velocities for particulate NO 3 Ϫ and NH 4 ϩ . To further examine the sensitivities of the calculation, we revised the model to include the influence of forest type as described by Jonas and Heinemann (1995) :
where V d,ref is the deposition velocity of the ''reference forest type,'' is a multiplying factor, and V d,i represents the modeled V d for individual forest types in the domain. The multiplying factor was calculated as the mean of the factors calculated for all of the forest types sampled, to yield 6.71 for deciduous forests and 10.4 for evergreen forests, the only vegetation types to which we applied Eq. 5. A further complication was introduced by the fact that in Europe, HNO 3 (gaseous, g) and particulate NO 3 Ϫ were combined and reported as a single value by EMEP. It was impossible to partition out the sums into their individual components based on the available data. Thus, for the sum of HNO 3 (g) plus particulate NO 3 Ϫ , we calculated two dry-deposition fluxes as a means of bracketing the estimate: one as if the flux were made up entirely of particulate NO 3 Ϫ and another as if the flux were made up entirely of the HNO 3 (g). This necessarily introduces an additional uncertainty because the deposition velocities of the HNO 3 (g) and particulate NO 3 Ϫ differ by as much as five-fold.
Statistical treatment
To create the interpolated fields of wet-deposition flux and dry-species concentrations, we used a variant of a standard geostatistical method, the moving-window residual-Kriging (MWRK) algorithm developed by Haas (1990 Haas ( , 1995 . This analysis/interpolation tool was developed originally for use with atmosphericdeposition network data. Kriging is a statistical method of providing unbiased estimates of variables in regions where the available data exhibit spatial autocorrelation, and ''Kriging estimates'' are obtained in such a way that they have minimum variance (Cressie 1991) . In the Haas (1995) algorithm, a moving window is used to isolate subregions of the data for calculation of variograms, which is critical because the distribution of deposition at the continental scale is typically not normal. This Kriging application also allows the application of prior information (covariates) that are correlated with the data of interest and available at all grid-cell locations.
We found the MWRK method to be a satisfying alternative to other interpolation methods (e.g., cubic splines, bilinear/nearest neighbor approaches) for several reasons: (1) It allows the use of spatial covariates such as precipitation and elevation. (2) It allows temporal correlations in the data to be included in the local model. (3) It provides estimates of uncertainty via cross-validations (site-by-site removal) and by including confidence intervals for the estimates (based upon Kriging variance). The uncertainty estimates also provide a means to evaluate the importance of the inclusion of spatial covariates, and the value of including the temporal correlation in the spatial estimate. The spatial-temporal aspect of the analysis also allows examination of regionally integrated trends using simple regression techniques, thereby avoiding the need for multi-layer hypothesis testing (e.g., Stoddard 1994 , Stoddard et al. 1998 , which is a common approach.
Kriging of the wet-deposition measurements and the dry-deposition measurements were handled somewhat differently. Spatial interpolation of the annual mean site observations of wet deposition of NO 3 Ϫ and NH 4 ϩ were performed using moving-window (no time dimension) Kriging (Haas 1990 ) with precipitation and elevation covariates. The analysis was performed using 237 sites for the wet-deposition estimates within the United States, and 115 sites for the wet-deposition estimates within Europe (Figs. 1 and 2 ). Data from three European sites were excluded from the Kriging analysis because they contained questionably high deposition values: Lesogorrsky, Russia; Stina de Vale, Romania; and Ispra, Italy. The choice of precipitation and elevation as covariates was made after evaluating the effects of a wide range of variables (e.g., temperature, humidity) on Kriging model statistics. These statistics were based on a series of cross-validation studies where each site (in turn) is withheld from the analysis, and the distribution of residuals (modeled minus predicted deposition) is examined (Table 1, Fig. 3 ). For the United States, we used gridded precipitation and elevation information from the VEMAP Phase I data set (Kittel et al. 1995) . For Europe, we used the Leemans and Cramer (1991) global data set. All covariates and our desired output base map for both regions are defined as (Haas 1995) . This approach extends the circular spatial window along the time axis to form a cylinder. The time dimension is included in order to exploit the existence of temporal correlations in the observations (Haas 1995) , which are significant in the dry-species concentrations. This approach is based on the addition of temporal variograms in the Kriging estimation. Crossvalidation analysis yielded a ''cylinder length'' of three months so that an estimate at time t used information (observations) from times t Ϫ 1 (month) and t ϩ 1 month. In Europe, the dry-deposition data lacked the temporal coherence needed to defend application of the moving-cylinder residual-Kriging technique. Thus, Kriging of the ambient concentrations of NO 2 , HNO 3 and particulate NO 3 Ϫ , and particulate NH 4 ϩ were done using the MWRK with no covariates.
RESULTS AND DISCUSSION
The magnitude and spatial patterns of the interpolated, annual-mean nitrogen-deposition fluxes differ significantly by species and by region (Figs. 4 and 5) . These characteristic differences arise from the geography of emission of the various sources gases, the atmospheric lifetimes and properties of the chemical species involved from emission to deposition, and the strength of atmospheric transport. In addition, the spatial patterns of wet deposition, gaseous dry deposition, and particulate/aerosol dry deposition generally differ because the physical deposition processes themselves are so different.
The spatial distributions of NO y -and NH x -deposition fluxes are generally distinct from one another because their sources (NO x and NH 3 ) are distributed differently. The primary sources of NO x are fossil-fuel combustion (40-58%), followed by soils (13-20%), lightning (8-17%), biomass burning (12-17%), photochemical oxidation of NH 3 (5-8%), aircraft (1%), and transport from the stratosphere (0.2-0.3%), though continental proportions may differ from these global proportions. The release of NH 3 to the atmosphere is a result of both agricultural activities and natural sources. Contributions to atmospheric NH 3 include animal husbandry (49-63%), fertilizer application (11-12%), oceanic emissions (14-17%), soil emissions (10-13%), biomass burning (4-7%), human excrement (5-8%), and Ϫ based on 237 NADP sites, r 2 ϭ 0.93; (b) dry-deposition flux of gaseous HNO 3 based on 60 NDDN sites, r 2 ϭ 0.48. These correlations were produced by removing a single site from the interpolation and estimating the value for that site based on all of the other surrounding sites. The predicted value is then compared to the value measured at that site. coal combustion and automobiles (3-4%) (Holland et al. 1999 , Prather et al. 2001 ).
Wet-deposition fluxes
In the United States the patterns of wet deposition of NH 4 ϩ and NO 3 Ϫ differed significantly from one another in both distribution and intensity (Figs. 4a and  b) . In the conterminous United States, NH 4 ϩ wet deposition was greatest over the upper Midwest with a broad feature of high wet deposition values (Fig. 4a) . Peak wet-deposition NH 4 ϩ fluxes were greater than 3.27 kg N/ha, with an average wet-deposition flux of 1.38 kg N/ha over the continent (Fig. 4a) . By contrast, NO 3 Ϫ wet deposition was greatest over the Northeastern United States, with peak values of Ͼ5 kg N/ha, but with an average deposition flux of 1.64 kg N/ha (Fig. 4b) . The NO 3 Ϫ fluxes in the highest quartile covered a smaller area than the NH 4 ϩ fluxes in the highest quartile. Overall the wet deposition flux of NO 3 Ϫ slightly exceeded that of NH 4 ϩ with 1.28 and 1.08 Tg N, respectively, deposited onto the conterminous United States.
In Europe the spatial patterns of wet deposition of NH 4 ϩ and NO 3 Ϫ were similar but the intensity of NH 4 ϩ and NO 3 Ϫ deposition differed even more than for the United States (Figs. 5a and b) . Peak NH 4 ϩ wet-deposition fluxes of Ͼ17 kg N/ha were centered over eastern Europe, but fluxes Ͼ6 kg N/ha were widespread throughout Eastern and Central Europe (Fig. 5a ). The peak European fluxes were much greater than the peak U.S. fluxes. Across Europe the average NH 4 ϩ deposition fluxes were 4.2 kg N/ha, more than twice the U.S. average. Nitrate wet-deposition fluxes peaked at Ͼ8 kg N/ha over Central Europe with average wet-deposition fluxes of 2.56 kg N/ha over the European continent, much larger than the U.S. average NO 3 Ϫ deposition fluxes (Fig. 5b) . Over both continents the wet-deposition fluxes were broadly positively correlated with precipitation. Inclusion of precipitation as a covariate significantly reduced the uncertainty associated with the Kriging extrapolation of the wet deposition. Both NH 4 ϩ and NO 3 Ϫ wet-deposition fluxes were greater and the regions of high deposition more extensive over Europe than the conterminus United States.
Dry-deposition fluxes
In the United States, only three chemical species were measured as part of the dry-deposition network: nitric acid (HNO 3 [gaseous, g]), particulate nitrate (NO 3 Ϫ ), and particulate ammonium (NH 4 ϩ ). Over the United States the gas-phase HNO 3 deposition was the largest flux, with peak-deposition fluxes of Ͼ5.7 kg N·ha Ϫ1 ·y Ϫ1 , and a continental average flux of 1.35 kg N·ha Ϫ1 ·y Ϫ1 (Fig. 4d) Ϫ fluxes overlaid the areas with the highest NH 4 ϩ fluxes, arguing for deposition as ammonium nitrate. For the United States, the dry deposition of oxidized nitrogen dominated the measured dry-deposition budgets (Table 5) . Ammonia, NO 2 (g), and oxidized and reduced organic-N exchange were not sampled by the networks and are not included in the analysis but may be important contributors to the overall N budgets (Langford et al. 1992 , Lerdau et al. 2000 , Neff et al. 2002 . In Europe a different collection of chemical species was measured extensively enough to make spatial interpolations: NO 2 (g), particulate ammonium, and the sum of nitric acid and particulate nitrate (HNO 3 (g) ϩ particulate NO 3 Ϫ ). All attempts at separating the summed group of HNO 3 ϩ particulate nitrate further, including methodologically (Hjellbrekke et al. 1997) and statistically based on SO 4 2Ϫ or NH 4 ϩ concentrations, were unsuccessful (Langford et al. 1992 ). As mentioned above, we calculated two deposition velocities for the summed species, one assuming that the total quantity was HNO 3 (g), and the other assuming that the total quantity was particulate NO 3 Ϫ . Thus, the HNO 3 (g) flux and particulate NO 3 Ϫ fluxes presented represent the upper and lower limit, respectively, of the expected flux (Figs. 5d and e) . Among the chemical species measured in Europe, the HNO 3 (g) flux was the greatest, with peak deposition rates of Ͼ11 kg N·ha Ϫ1 ·y Ϫ1 and an average deposition rate of 2.34 kg N·ha Ϫ1 ·y Ϫ1 (Fig. 5e ). The particulate NO 3 Ϫ deposition velocity applied to the measured HNO 3 ϩ particulate NO 3 Ϫ concentration produced smaller fluxes, with peak deposition rates of 3.1 kg N·ha Ϫ1 ·yr Ϫ1 and mean deposition rates of 0.58 kg N·ha Ϫ1 ·yr Ϫ1 (Fig. 5d) . The estimated NO 2 dry-deposition flux was higher with peak deposition rates Ͼ11.2 kg N·ha Ϫ1 ·yr Ϫ1 and mean deposition rates of 1.3 kg N·ha Ϫ1 ·yr Ϫ1 (Fig. 5f ). For Europe the particulate NH 4 ϩ flux was more than twice that estimated for the United States, with peak deposition rates of almost 1.9 kg N·ha Ϫ1 ·yr Ϫ1 and average deposition rates of 0.34 kg N·ha Ϫ1 ·yr Ϫ1 (Fig. 5c ). The patterns of dry deposition for all species are driven by the calculated V d together with the atmospheric concentrations (Eqs. 3 and 4). The maps of the calculated deposition velocities for the two regions are provided in Figs. 6 and 7. For both regions, the HNO 3 (g) V d 's fell within the wide range of measured V d 's (Table 3 ). Many of V d 's calculated for particulate NH 4 ϩ and NO 3 Ϫ fell at the upper end of the range or above the range of compiled estimates (Table 3) . The V d 's calculated for NO 2 were at the upper end of the range reported in Hanson and Lindberg (1991) and above many of the other compiled estimates. We used the Weseley (1989) method for estimating the NO 2 V d , and this does not adequately account for the leave uptake and release and so may have resulted in an overestimate of the deposition velocity (Lerdau et al. 2000) .
Estimated dry-deposition fluxes lack the spatial coherence of the wet-deposition fluxes over both conti- Ϫ are representative of the spatial patterns of deposition for each of the species, but the magnitudes of the fluxes are likely overestimated because some chemical species with different deposition velocities were reported as a sum (see Data and methods). Both the wet-deposition data and the ambient concentrations used to calculate the dry-deposition fluxes were provided by the EMEP network. Dry-deposition fluxes were calculated by multiplying the interpolated concentrations by model-estimated deposition velocities. See Data and methods: Dry-deposition measurements for explanation of statistical interpolation procedure and for an explanation of how drydeposition fluxes were calculated. The peak value on each color bar represents the 95% percentile for each chemical species. The data and mapped fluxes are available online (Holland et al. 2004). nents. The flux was calculated as a product of spatially interpolated concentrations and the deposition velocity calculated for each grid cell, based on meteorological data and land cover (Figs. 6 and 7) . The deposition velocities and thus the underlying land cover had substantial impact on the overall pattern of the dry-deposition fluxes with discrete land-cover boundaries rather than natural spatial variability associated with natural ecotones (Fig. 6 and 7) . The dependence on land cover was emphasized when we implemented the increased V d for particulate fluxes suggested by Jonas and Heinemann (1995) (Table 4) . Overall, the increased V d 's for particulate NH 4 ϩ onto deciduous, coniferous, and mixed forests increased the spatially integrated deposition by between 3.4-and 5.7-fold. The increase was greater in the United States compared to Europe because of their greater spatial extent of coniferous forests and the associated higher V d . The different drydeposition modeling approaches yield substantially different estimates of fluxes, underscoring the need for regional dry-deposition models that have been extensively compared to the growing number of direct flux Meixner (1994) . ‡ Calculated on a ''per unit needle area'' basis. § These values are reported Ϯ1 SD. Modification described in Ruijgrok et al. (1994) . (Weseley et al. 1985 , Weseley 1988 , 1980 ) and the modified deposition velocity measured by Jonas and Heinemann (1985) . measurements of many of these species (Weseley and Hicks 1999) .
Uncertainties, caveats, and sensitivities
The maps of N deposition presented highlight a number of issues concerning our understanding of N-deposition. First, what is N deposition? The summary Ndeposition maps presented in Fig. 8 represent the sums of different quantities and are incomplete. The maps for the United States and Europe are comparable for the wet-deposition components NH 4 ϩ and NO 3 Ϫ , but not for dry deposition. Important constituents of both wet and dry deposition have been neglected in the measurements networks in both the United States and Europe, most notably wet and dry deposition of oxidized and reduced organic nitrogen and NH 3 exchange (Langford et al. 1992 , Neff et al. 2002 . First, NO 2 (g) concentrations were measured only in Europe. Critical evaluation of the estimated NO 2 deposition is required because of the balance between leaf uptake and release of NO 2 (Lerdau et al. 2000) . Second, there are substantial differences in sampling density and location between the United States and Europe. Third, the network should include a series of sites where complete N-deposition fluxes, including NH 3 , particulate N, and organic-N concentrations and exchanges are measured (Munger et al. 1996 , Pryor et al. 2000 , Neff et al. 2002 .
Estimates of dry-deposition fluxes are less robust than estimates of wet-deposition fluxes despite similarities in the magnitude of the two types of fluxes . In Europe, only 115 sites were used to estimate the spatial distribution of aqueous N deposition over an area 15% bigger than the size of the conterminous United States. The United States has 237 sites (used in this analysis) for the measurement of wet deposition (Fig. 2) . Only 70 of the European sites measured deposition for more than five years. The numbers of samples used to extrapolate dry deposition over the United States were even smaller, at 68 sites, with only NITROGEN DEPOSITION ONTO USA AND EUROPE FIG. 8. Estimated N deposition fluxes summed and integrated over the conterminous United States (top) and Western Europe (bottom). The N species considered for Europe were wet deposition of NH 4 ϩ -N and NO 3 Ϫ -N, and dry deposition of HNO 3 -N (g) (using the V d for HNO 3 ), NO 2 (g), and particulate NH 4 ϩ . The area of the conterminous United States is 31.01 ϫ 10 6 km 2 compared to 35.7 ϫ 10 6 km 2 in continental Western Europe (excluding some of the small islands of the Norwegian archipelago and portions of Eastern Europe outside the measurement network). The mapped fluxes are available online (Holland 2004). four years of data for many of the sites. Consequently, the estimated fluxes are uncertain to a degree that is difficult to quantify, but uncertainty associated with interpolation alone ranges from 12% to Ͼ100% (based on the estimated Kriging variance). Based on our crossvalidation analyses of wet-and dry-deposition fluxes for the conterminus United States, the squared correlation coefficients (r 2 ) for wet and dry deposition were 0.93 and 0.48, respectively. This difference in the uncertainties of the estimates must be kept in mind when evaluating the regional N budgets presented below. A comprehensive comparison of dry-deposition model estimates and direct flux measurements is called for (Sutton et al. 1993 , Munger et al. 1998 , Lefer et al. 1999 , Pryor et al. 2000 , Holland and Carroll 2003 .
Within the United States, the practice of locating sites at remote locations far from sources undersamples deposition. The lifetime of NO x and NO y in urban and power-plant plumes is estimated to be between 2.80 to 4.2 h for NO x and 7.0 to 7.7 h for NO y . These lifetimes with the corresponding relatively short transport distances in the boundary layer and lower troposphere, the significant nonlinearities in the NO x / ozone chemistry, the large uncertainties in dry deposition, and the remote location of the NADP sampling stations argue for expanding the NADP, NDDN, CASTnet networks to include urban influences (Nunnermaker et al. 2000 , Ryerson et al. 2001 , Kleinman et al. 2002 . Measurement of deposition in precipitation is a relatively inexpensive means of monitoring the impact and extent of human activities on air chemistry, but it is a mission beyond the original deposition network objective of measuring acidic deposition and its impact on remote areas. To accomplish these expanded objectives, and to provide accurate measurements of reactive N deposition for terrestrial and atmospheric studies, the Leeuwen et al. 1995 Leeuwen et al. , 1996 . However, the majority of the additional stations were located in areas that were already sampled, rather than filling in the spatial gaps in the countries with few measurement stations. The requirement that EMEP stations report data daily requires tremendous person power and resources. Not having the data available in a coordinated way is a waste of public resources.
For both regions, the estimated N deposition did not balance estimated emissions (Tables 5 and 6 ). The imbalance in emission and deposition for the two regions has several likely explanations. First, there may be transport of N deposition into or out of the region. The United States may be exporting significant quantities of N offshore for deposit downwind onto the North Atlantic or Europe . The pattern of greater deposition along the U.S. Eastern seaboard is consistent with this idea. Second, N emissions may be underestimated. Fossil-fuel emissions, which are quantified with the most confidence, carry an estimated uncertainty of Ϯ30% (Benkovitz et al. 1996) . Estimates of natural emissions carry a much greater uncertainty and can exceed 100%, but natural emissions are a relatively small contributor to the reactive-N budgets outside of the tropics (Lamarque et al. 1995 . A third explanation is that Ndeposition budgets are incomplete for both the United States and Europe. In both networks, the deposition of organic nitrogen and exchanges of NH 3 are not measured, but these fluxes have been shown to be important (Langford et al. 1992 , Neff et al. 2002 . The European measurements represent a more complete estimation of the suite of N species involved, but both networks fall short. Finally, the networks are inadequate to measure the spatial distribution of N deposition, especially the influence of urban and power plumes for the reasons discussed above. The countries within Europe that have the greatest emissions have devoted the most effort to deposition measurements, providing a bias towards higher estimates of deposition (Erisman et al. 1994 , van Leeuwen et al. 1996 . The U.S. network provides a bias towards lower estimates of deposition by sampling only remote areas, and fails to adequately capture the influence of urban emissions and emissions from point sources, despite the 237 measurement sites.
This budgetary analysis highlights the need for adequate sampling and refocusing the efforts of the European and U.S. networks. Key issues include the need for coordination with existing air pollution monitoring efforts, complete sampling of chemical constituents, expansion of the existing network to include urban influences, and comparison with time-varying emission estimates.
CONCLUSIONS
The analysis presented here represents a framework for producing mapped atmospheric-deposition products for use in studying the changing biospheric-atmospheric cycle of nitrogen. Our confidence in the estimated N-deposition patterns over both continents is, however, limited by irregular and incomplete spatial NITROGEN DEPOSITION ONTO USA AND EUROPE Dentener and Crutzen (1994) .
§ Sources: Dentener and Crutzen (1994) and Bouwman et al. (1997) . NO y includes measured wet deposition of NO 3 Ϫ , and dry deposition of NO 2 (g) and HNO 3 (g) and particulate NO 3 Ϫ . ¶ NH x includes wet deposition of NH 4 ϩ and dry deposition of particulate NH 4 ϩ , but it does not include dry deposition of NH 3 . The range is determined by the different approaches to calculating dry deposition; see Table 4 sampling, and by the lack of an adequate procedure for estimating dry-deposition velocities of N-containing gases and particulates. For both the United States and Europe, deposition of NH 4 ϩ in precipitation was the most significant flux of N observed, but because of the uncertainties associated with determining the dry-deposition fluxes, a strict ranking of the fluxes remains problematic. Despite the large uncertainties, there appear to be large differences in the chemical climates of two major portions of the developed world. Over the United States, only 40% of the estimated emissions were captured by the deposition measurements. By contrast, in Western Europe deposition measurements captured a much higher proportion of emissions, and some calculations suggested Western Europe received more N than it emitted, arguing for net N import to the region (Tables 5 and 6 ).
The levels of N being deposited over most of Europe exceed the many estimates of critical loads of between 10-20 kg N·ha Ϫ1 ·y Ϫ1 . Fewer such severely impacted areas appear in the analysis of the U.S. data. The likelihood that a region will undergo N saturation depends on the interactions among soil properties, land use, stand age (for forests), climate variation, and the rates and history of N deposition (Aber et al. 1989 , Ollinger et al. 1993 . Substantial areas of both the United States and Europe have been receiving large quantities of N for longer than the period of measurement, and therefore must be monitored directly.
The establishment of both the EMEP and NADP/ NTN networks was originally motivated by concern over acid rain and its effects on rural and remote regions, and continuing collection of this valuable set of measurements is essential. After years of acid rain research, we know the problems and how to design an effective sampling network, but the scientific issues have shifted from quantifying acid deposition with emphasis on sulfuric acid deposition to a growing focus on nitrogen deposition and base cations (Hedin et al. 1994 . The data are essential to address emerging questions such as the quantification of N deposition fluxes over large areas, the influence of N deposition on changing species composition in terrestrial and aquatic ecosystems, and large-scale changes in ecosystem biogeochemistry. ACKNOWLEDGMENTS The paper is dedicated to the memory of our revered colleague David Bigelow who believed in the NADP from the day of its inception until the day he died, and whose attention to analytical details helped establish an outstanding measurement network.
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